INTRODUCTION
Despite the abundance of hydrogen in biological fluids the concentration, or chemical activity of the free hydrogen ion (or hydronium ion H30+) in these fluids is remarkably low. This is due to the presence of buffer systems which allow rapid turnover of protons to take place with minimal alteration in hydrogen ion activity.
By affecting the charge on reactive groups of proteins and enzymes, the presence or absence of hydrogen ions can influence the rate of metabolic reactions (Relman 1972) . This influence surpasses all other conditions, even temperature and concentration of reacting substances (Henderson ] 913). In this respect intracellular fluid (ICF) pH changes are clearly of greater consequence than extracellular fluid (ECF) pH changes.
In clinical practice, however, we can only assess the ICF pH status from ECF arterial blood gas analysis, and thus we "look from the outside-in ". In hypokalaemia an ECF alkalosis may exist with an ICF acidosis (Grantham and Schloerb 1965, Sanslone and Muntwyler 1966, Wilson and Simmons ] 970); with rapid intravenous infusions of highly ionized acids or bases, the acute change in ICF pH is minimal (Waddell1969), furthermore the ICF hydrogen ion activity may remain remarkably constant throughout a wide range of ECF pH values if the appropriate respiratory or metabolic change occurs (Adler, Roy and Relman ]965, Relman 1966, Levin, Collinson and Baron 1976) demonstrating, in some situations, poor correlation between lCF and ECF pH values.
There seems little doubt that the H+ ion activity varies throughout the ICF space (Carter 1972, Cohen and Iles 1975) and within each subcellular area it is probably determined by the regulatory mechanisms concerned with metabolic processes of consumption and generation of organic acids within that area. Mechanisms for active transport of the H+ ion between the intracellular and extracellular compartments have also been described (Waddell ]972) confirming that lCF pH regulation is complex and not just the simple result of an interposition of a semipermeable membrane between two buffer systems.
A. Dejillziions
\\'ith the exception of the definitions of acids, bases, buffers, acidosis, and alkalosis suggested bv the Ad Hoc Committee of the Xew York Academv of Sciences (Report 1 !l65, 1 !l66) other interpretations of acid base terminology have been adopted.
pH :---The negative logarithm of the hydrogen ion acti"itv aH T (or hnlrogen ion concentration if the activit\, coefficient is assumed to be unity). The actIvity is an expression of not how many particles there arc ubt how many particles there seem to be, thus the activity coefficient can onh' be unity at infinite dilution (Camphell 1 ~Hi8).
' L'sing a glass membrane electrode porous only to H -ions, a transmembrane potential proportional to the log a H + develops. Tllis is compared with a potential developed using a standard solution of selected pH value. The reading of the H' sensitive electrode, therefore, is a dimensionless function of aH', with its numerical value being related to an arbitrary standard. Thus, it provides an index of intensity, or chemical potential of protons present rather than a true quantity of acidity or alkalinity.
However', if a practical scale of acidity and alkalinity is all that is required (\\'acldell 1 !l6!}) then the linear consideration of ECF "H"-rather than its logarithmic form has merit.
It allows direct consideration of the Hencler-
which shows clearlv the direct acid base consequences of alteration in 1-'c0 2 and [HC0 3 -] . Acid base diagrams are simplified (Flenlt'v 1n71, \Yorthlev 1!l7t)a); and although' it Illay be a regression in the pure chemical sense (Da\'is 1!1I;7, Hills 1!l73, Br\'an 1971», for the clinician it is of great educational value (Campbell H)(j~, Henley 1ll71).
The concentration of the H + ion in the EeF at pH 7 . .J. is -to nl11ol/1. Doubling or halving the H -' -ion activit\, increases or reduces the pH by log ~ (0·;) Table 1) . nltffcr : -8 solution containing suhstances which have the abilit" to minimize changes in pH when an acid or base is added to it. pI\. :-the negati\'e logarithm of tlJ(' dissociation constant (if it describes a buffer system it is numerically equal to the pH when the acid and its anion are present in equal concentrations). (b) Buffer systems.-These are present in the ECF and rCF. Their effectiveness, or capacity, is proportional to the amount of buffer, the pK of the buffer, the pH of the carrying solutions, and whether the buffer operates as an open or closed system.
Mechanisms of Buffers
Any chemical reaction reaching an equilibrium can be expressed by the law of mass action. In the case of a weak acid
HA~H++A-
(1) at equilibrium the product of the concentrations of H + and A-is a constant fraction of HA or
The value K at equilibrium is always the same and is independent of the concentrations of the reactants initially present. With the addition of another acid to the system the ionization of the weak acid HA is reduced (to keep K constant). If a base is added, the reduction in [H+] produces further ionization of the acid HA. Both reduce the change in [H+] (pH). However, the ionization of a weak acid is small, thus only a small addition of H+ can be tolerated before the pH falls. By supplementing the ion A-with the salt of a strong base N aA, this acts as a reservoir for combining with added H+. A buffer system, therefore, can be produced by mixing a weak acid with the salt of that acid and a strong base.
Equation (2) The utilitv of this system can be fully appreciated °when it is' realized that it {s " open ended" in both directions. pC0 2 can be modified by change in ventilation and HC0 3 -concentration can be regulated by the kidnevs. All other buffer systems adjust to alterations in this pair.
::? Haemoglobin and (}ther Buffers
Proteins have a series of titratable groups within their molecular structure with the ability to buffer pH changes. The buffering characteristic of haemoglobin is almost entirely dependent upon the imidazole group of histidine, which dissociates less in oxygenated than deoxygenated blood. Thus deoxygenated blood is a better buffer than oxygenated blood; the haemoglobin molecule accommodating o· i mmol of H + for each mmol O 2 released without change in pH. As the RQ. is normally 0·8 a slight change in pH usuallv occurs. The haemoglobin buffer system is an important one, as it is involved in handling the largest daily acid load of the body-carbonic acid. Plasma proteins have 1 (:) the capacity of haemoglobin for buffering H + gram for gram. However, haemoglobin is twice the concentration of plasma protein therefore it has () times its total capacity.
The pho,;phate buffer system with a pK of t)·8 is a better chemical buffer than the bicarbonate system. However, in plasma it is l/::?O the concentration and furthermore operates as a closed system, so its capacity is less. In the ICF and urine it assumes greater importance.
:3. Total Body Buffering
The contributions of ICF and ECF buffers varies depending upon the nature of the acid or base disturbance. In dogs where pH changes of a respiratory and metabolic nature were induced, the respiratory pH changes ,vere buffered mainly by ICF buffers, whereas metabolic pH changes had a greater ECF buffering component ( Figure  3 ), (Giebisch, Bcrger and Pitts 1935 , Swan and Pitts 1955 , Swan et al. 1955 .
Experiments on the rat diaphragm and in human leucocytes showed that a simulated respiratory a(:idosis or alkalosis produced greater ICF pH changes than a metabolic acid base change (Adler ct al. 190:), Relman l!'}(iti, Levin et al. 19i6 change. The observation of an ICF alkalosis associated with an ECF acidosis following the infusion of a hypertonic solution, remains yet to be satisfactorily explained (Garella, Chang and Kahn 1975) .
n. Respiratory Response
It is obvious when considering the Henderson equation that variations in Pco 2 alter pH. The effect is rapid and influences both ICF and ECF components. Arterial Pco 2 varies inversely with alveolar ventilation and directly with CO 2 production; normally CO 2 production is approximately 13,000 mmol/day and if pulmonary ventilation ceased for 20 minutes Pco 2 would rise to no mm Hg and pH would fall to 7· 03. If renal function ceased for a similar period of time no apparent pH change would occur.
Regulation of ventilation involves a complex interplay between mechanical and chemical stimuli; any change in arterial HCO a -, Pco 2 pH, Pco 2 or stimuli from pulmonary mechanoreceptors alters ventilation and thus Pco 2 and pH (Heinemann, Goldring 1974) .
The respiratory response to pH changes follows peripheral chemoreceptor stimulation and is responsible for the compensatory response to metabolic pH change.
Ill. Renal Response
This determines the final outcome to the acid or base load by altering the denominator of the Henderson equation [HCO a -] . The response is slow and the maximum excretory capacity of 700 mmol H+ can only be reached after 5 days (Sartorius, Roemmelt and Pitts 1949) .
Unlike all other ions HCO a -has no permanence, it may be generated from CO 2 if the accompanying H+ is buffered, or it may be lost if CO 2 is excreted. The kidney handles it as an ion for alkali reserve and an anion with sodium to maintain ECF volume, the lungs use it for CO 2 transport and excretion.
Renal regulation of H+ balance follows, reabsorption or excretion of filtered HCO a -, excretion of titratable acidity (T.A.) and excretion of ammonia. The tubular H+ secretion involves Na+ reabsorption to maintain electrical neutrality.
Resorption of Filtered HCO a -
Eighty five to ninety percent of filtered HCO a -is reclaimed by the proximal tubule, further reabsorption occurs in the distal nephron with luminal fluid being free of HC0 3 -at a pH 6· 2 (Pitts 1968) . The amount of HCO a -reaching the distal nephron is influenced by the filtered load of HCO a -(thus with metabolic acidosis the proximal H+ secretion is less (Robinson 1972) ) and functional ECF volume (Seldin and Rector 1972) 
Formation of Titratablc Acidity (TA.)
The majority of urinan' titratable acidit\" is formed ,,"ith the conver,;ion of Illonohyclrogen to dill\"drogen phosphate, and occurs t"hroughout the nephron (Pitts J fW8). 'file pKa of this s\"stem is (j·S and at maximum urinar\' acidit\" (llH cl ·6) almost all of the filtered pJlOsphat'e is in the dill\'drogen state. At this urinary pH 2(:3 of filtered creatinine (pKa -i'H7) is in its acidic mode, and may account for 2;,)0/ 0 of urinary T.A. at maximum urinan' acidity. ~ormall~: 20-30 mmol H+(da~" is' excreted as TA. and i;; proportional to the amount of buffer excreted, the pKa of the buffer, and the degree of urinary acidity. In diabetic ketoacidosis the rate of excretion of r:\_h\'_ droxybutyrate (pKa ,L'8) is large and 'so 'it forms the major component (up to 2;')0 mmol H '(24 hours) of urinary T.A. ~onnallv urinary excretion of phosphate is determined more by the need to maintain P0 4 balance, than acid base homeostasis, thus T.A. appears to play a supportive rather than active role in renal H" excretion. Ho\\'e\'Cr, the recent observation of increased urinarv bicarhonate loss in h\'perparathyroid states (l\Iuldowney et al. 1 H72) (the associated phosphaturia would seemingly 5upport a greater renal H C" excretion through added buffer!) and the suggestion that parathormone may' be attuned more to cellular acid hase hOI11('ostasis rather than calcium homeostasis (Wills] 970, Barzel I !}71) indicates, that for the moment, the relationship between PO 4 metabolism and acid base homeostasis is far frol11 deill'.
Formation of Ammonia
Ammonia (:\' H 3 ) is formed in tubular epithelia throughout the nephron. DE'amidation and rleamination of glutamine accounts for 60% of the urinary :\,H3 and :{O-35% comes from free arterial ~ 113 (Pitts 1965) . The ~ H 3 diffuses into the renal tubular lumen where it hinds a hydrogen ion to form a non diffusable ammonium ion (1\ H4 -'-) which is subsequentlv excreted (Pitts lU71) . This process permits ~a+(H'" exchange to occur without further change in urinary pH; although an acidic urine allows a grea tcr sink into which free N H 3 can diffuse and is therefore one of the determinants of urinan" ~H4 excretion. Renal tubular s\'nthesis of ~H3 is coupled to renal gluconeogenesis wllich in turn seems to be attuned to the body's acidhase requirements. Normally 30-ill) mmol HT/dav is excreted as ~H4'" which may increase to 700 mmol(day in severe acidosis.
Jlcchanisms of Proximal and Distal Ht" Secretion
Proximal H+ Secretion This is a low gradient (minimum luminal pH 7·0) high capacity system (reabsorhs most of filtered HC0 3 -, ·1-5000 mmol(day). The mechanism is influenced by intracellular acid Anaesthesia and Intensive Care, Vol. V, 1\'0. 4, 1\ 'ovember, 1977 base status which in turn is influenced by hypokalaemia, Pco 2 and metabolic H+ status; luminal pH; functional ECF volumes; the availability of reabsorbable anions; and carbonic anhydrase. Parathormone also influences proximal tubule H + secretion although its physiological significance at the moment is not clear.
Hypokalaemia enhances proximal tubular H + secretion by increasing availability of H + to the secretory mechanism (Bank and Aynedjian 1965, Kunau et al. 1968) . Conversely potassium chloride administration may produce an ECF acidosis (Fuller, MacLeod and Pitts 1955 , Hudson and Relman 1962 , Miller, Tyson and Relman 1963 . The influence of carbonic anhydrase inhibition and Pco 2 on proximal tubular H+ secretion are shown in Figure 6 . Luminal pH, which is modified by filtered buffers, also influences proximal tubular H + secretion. In the presence of a functional ECF volume depletion, and in the presence of a non reabsorb able anion (Schwartz, Jenson and Relman 1955) or metabolic alkalosis, the NajH+ exchange mechanism is exaggerated, maintaining the ECF volume at the expense of pH homeostasis. Thus maximum HC0 3 -reabsorption capacity of the kidney (Tm HC0 3 -) may not be a fixed value intrinsic to the nephron and probably varies in response to the above mentioned factors (Seldin and Rector 1972) (Figure 4) .
Distal H+ Secretion
This is a low capacity (0-700 mmol H+jday) high gradient system (minimum luminal pH4·5).
The mechanism is influenced by intracellular acid base status, luminal pH, and mineralo-corticoid activity coupled with potassium status. Unlike the proximal tubule the distal nephron is influenced by mineralocorticoid activity. In hyperaldosterone states distal Na+ reabsorption and excretion of H+ and K + is enhanced. In the presence of hypokalaemia H + loss is augmented as an expression of electro neutrality requirements for some of the distal Na+ reabsorbed. In secondary hyperaldosteronism the K+ and H+ loss may be less than in primary hyperaldosterone states, because of a reduction in distalluminal flow induced by avid proximal Na+ reabsorption.
C. Clinical Approach to Acid-base Disorders

Classification of an Acid-base Defect
The primary defect is usually defined by its initiating process, i.e. lactic, keto, renal tubular~acidosis.
A broader classification however, divides them into metabolic and respiratory, the latter relating to changes in carbonic acid (C0 2 ) only. Compensatory responses are often qualified as partial, incomplete or complete and although vague, through continuous use it will probably remain an established practice.
Thus one speaks of~ lactic acidosis with partial respiratory compensation. respiratory acidosis with partial renal compensation. metabolic alkalosis with incomplete respiratory compensation.
Biochemical Description of an Acid-base Defect
It is generally agreed that three values are necessary to describe the acid-base defect (Editorial 1974b [HC03~] is probably all tbat is required to interpret fully the acid base disorder Relman 1903, Editorial 1974b) .
Diagnosis of an Acid-base Defect
Here one seeks to define the primary attack upon H+ homeostasis and the body's COl11-pensatory response. Biochemical data including arterial blood gas analysis, (temperature corrected (Burnett and 1\oonan HJ7 -1)), anion gap, and renal and hepatic serum " profiles" should all be taken into account. In mixed pH disorders an acid-base diagram may be used as an aid to the diagnostic process. The diagram (Figure 7 ) has the advantage of demonstrating the in ,!ivo rela tionshi ps between [H +] and Pco 2 in primary acid base disorders. The appropriate compensatory Pco 2 for primary metabolic acid base disorders and the [H+] or pH change associated with variation in Pco 2 in primary respiratory acid-base disorders are represented bv "confidence bands" for each disorder (\\'orthley 1970a) .
In the absence of a diagram various "rules of thumb" have been proposed to facilitate the bedside diagnosis.
A prl:mary metabolic acidosis is associated with a Pco 2 , the numerical value of which is usually within several mm Hg of the number denoted by the two digits after the decimal point of the pH value down to a pH 7 ·15-7 ·10 (Fulop and Fulop 1975) . In primary metabolic alkalosis the same often holds up to a pH 7 '35-7 ,60.
In a primary respiratory acidosis the actual [HC03~] value rises 1 mmol/lfor each 1 0 mm Hg rise in Pco 2 , up to a value of 30 mmol/l (Kaehny 1970) .
In a primary respiratory alkalosis the actual [HC0 3 ~] falls 2·5 mmol/l for each 10 mm Hg fall in Pco 2 , down to a value of 18 mmol/l (Kaehny 1976) .
In a chronic respiratory acidosis renal compensation elevates actual [HC03~] 4 mmol/l for each 10 mm Hg rise in Pco 2 (Kaehny 1970 In a reduced cellular redox state, lactic acidosis may have a disguised ketoacidosis as well. This follows a shift in the 3 hydroxybutyrate; acetoacetate pair in favour of the 3 hydroxybutyrate. As the nitroprusside reagent only reacts with the acetoacetate, the real degree of ketosis is concealed (l\Iarliss et al. 1970) . If the anion gap, therefore, is not fully explained by the lactate value a disguised ketosis may exist; although a ketosis may be concealed without a coexisting lactic acidosis as cellular and mitochondrial redox states may not parallel each other (Fulop et al. 1976 ).
For completion, dilutional acidosis and contraction alkalosis are mentioned, although they probably don't exist as clinical entities as their proposed existence assumes minimal cellular buffering capacity (Garella et al. 1975 
P ::::::::
the production of H-! and allows metabolism of the endogenous acid already present to return the pH status to normal.
Diabetic I{etoacidusis.~\Yith fluid and electrolyte repletion and insulin therapy to correct the metabolic defect, specific tllerapy for the metabolic acidosis is often not required.
In ,.;eyew acidosis (p H < 7 ·0) administration of ,")0-10011111101 :\aHC0 3 is standard practice (Kassirer 1!J7 4) . However, hvperosmolality (:\!attar ct al. 1!J7 -I) disequilibrium coma (l'osner and Plum 1!Jt) 7), congestive cardiac failure (Chazon, Stenson and Kurland 1 ~)()8) rehound alkalosis (Zimmet et al. 1 !l70) and lactic acidosis (c\rieff and Kerian HI76), follO\\"ing the sudden shift uf the oxygen dissociation curve to the left, reducing oxygen delivery to the tissues (Bellingham, Detter and Lenfant 1 U71, ~-\'lberti et al. 1 !l7:!) , indicate that ;\aHC0 3 therap" is not without haz,u-d. Furthermore ;\aHCO: 1 can ()I1I~T provide added EeF buffer if the CO 2 generated is excreted (Ostrea and Odell 1 U7:!).
Our approach to metabolic acidosis stresses the neces,.;ity to maintain the appropriate Pco 2 for metabolic pH change as ECF HC0 3 -regeneration occurs with metabolism of the acid anion. Small I.\'. doses of 50-100 Illmol ;\aHC0 3 are only used in severe hyperkalaemia or occasionally as an antiarrhythmic to raise ventricular fibrillation threshold (Kidson et al. 1!l7~ , :'IIatz, 1!)7H, WorthIer 1!)7Gb). Other agents such as THA:'I! ha,'e no role in therapy of metabolic acidosis (Bleich and Schwartz 1968 ).
Lactic .-1 cidosis.~ This is defined as a state of metabolic acidosis associated with a high blood concentration of lactate (Cohen and \\'oods 1 U7!i). It may be broadly classified intu Type ~-\., where an inadequate delivery of oxygen for tissue requirements generates lactate faster than it can be removed, or Type B where tissue hypoxia does not appear to play a major role (Cohen and \roods 1(76) Table 3 .
Both types share mechanisms of overproduction and under-utilization particularly when removal of lactate requires both oxygen and a non acidic environment (Cohcn et al. 1971, Lloyd et al. l!J7~~) .
The assessment of the cellular redox state by lactate/pyruvate (L/P) ratios, assumes that the cytoplasmic redox state (measured by L/P ratio) reflects the mitochondrial redox potential. Tbis however, may not be so (Coben and Simpson 1U7ii) and in some cases the redox states Illay evcn be reversed (Williamson, Lund and Krebs 19G7, Opie and ~Iansf()rd 1!J71) rendering LIP ratios in some situations meaningless. :'IIan\' forms of therapy for lactic acidosis have been tried indicating a general dissatisfaction for an,' onc form of treatment. Our approach is to ensure cardiovascular integrity and adequate oxygen delivery to tissues at all times. This requires monitoring of the cardiac output and right heart pressures with a balloon flotation catheter (Forrester et al. 1 !J7:!) , measurement of the haemoglobin, mixed venous and arterial oxygen tensions and content, and insuring correct respiratory response (PC0 2 ) to the metabolic acidosis (which may require IPPV). Empirically thiamine and other water soluble vitamins are included for" metabolic" support.
Cardiopulmonary Resuscitation
pH homeostasis can be maintained with correct cardiovascular and respiratory resuscitation, NaHCO a is only used as a specIfic antiarrhythmic agent or in management of hyperkalaemic states (Worthley 1976b) .
Renal Tubular Acidosis (R.T.A.)
This is a clinical syndrome characterized by a metabolic acidosis, renal loss of HCO a -and elevated serum Cl-. It is classified into proximal and distal types depending upon the renal H + secretory defect (Morris 1969 Normally the kidney has a large capacity to excrete HCO a - (Van Goidsenhoven et al. 1954) , therefore once the metabolic alkalosis is generated, maintenance of this state requires an abnormal retention of HCO a - (Table 4 ). The process of generating a metabolic alkalosis can be terminated if therapy is directed at the underlying disease. However, correction of the pH defect only occurs with renal excretion of excess HCO a -which may require additional therapy to be directed at the abnormal renal HCO a -retention mechanisms. Renal maintenance of the metabolic alkalosis is usually effected by a proximal or distal mechanism. Proximal Mechanism.-In the proximal tubule there is an obligatory uptake of sodium (Na+) controlled by the ECF volume. Normally some of the Na+ uptake occurs with H+ secretion. \Vith diminished ECF volume this Na+/H+ exchange mechanism is exaggerated and therefore if a metabolic alkalosis exists it will be maintained (Seldin and Rector ] 
972).
Reversal of the pH defect, even in the presence of a mild hypokalaemia can occur with saline infusions (Kassirer and Schwartz 1966 ), but not with Na+ solutions of a non reabsorbable anion (Schwartz, Van Ypersele, de Strihou and Kassirer 1968) . Correction of a metabolic alkalosis can also occur with saline free albumin solutions (Warms et al. 1974) , implying that nephron recognition of a diminished ECF volume is the major determinant in maintaining the pH abnormality not simply a chloride deficiency. Anaesthesia and Intensive Care, Vol. V, No. 4, November, 1977 Although correction of a metabolic alkalosis can occur without saline or potassium chloride solutions it should not be interpreted as being desirable if deficiencies in these ions exist. Furthermore correction of an existing hypo kalaemia enhances the ability of saline solutions to correct the pH abnormality (Kurtzman, White and Rogers IB73). Distal J! ec1UlIl isms l'nder the influence of mineralocorticoids distal ~ a t-reabsorption promotes K + and H, excretion. In the presence of hypokalaemia, H+ excretion is augmented. In primary hyperaldosterone states both the generation and maintenance of metabolic alkalosis may occur (K urtzman et af. 1 !17;)); whereas in scconda.ry h\'peralclosteroni,;m the excess proximal ~a-reabsorption reduces distal flow and thus reduces K' and H-'-loss. Therefore alt!lough metabolic alkalosis is maintained, generation of an alkalosis usuallv does not occur unless there is concomita"nt use of diuretics. Therap\' should be directed at both proximal and dista! mechanisms (Table 5 ). In the presence of renal insufficiency these manOCUHes may be insufficient and alternati\'e therapy with ammonium chloride, or lysine or arginine hydrochloride mav be necessary. However, in the presence of hepatic failure the\' are of limited therapeutic \'alue. In such "ituations direct administration of ll\'drochlmic acid through a central venou" line at a rate of ().:! mmol' HI/kg/hour to a maximum of :m()-:'~50 mmol/day has been propo~ed (\\'orthlc\' 1 n77).
3. Respiratory Acidosis arises from excess of carbon dioxide. The retention mav be acute or chronic and depends on CO 2 pro"duction as well as excretion. Therapy is aimed at improving ventilation, and alkali administration has no place. In chronic respiratory acidosis there often co-exists an iatrogenic metabolic alkalosis caused bv diuretic or corticosteroid administration. -4. Respiratory Alkalosis arises from a lack of carbon dioxide and often complicates states of hypoxia, eNS disorders or hysteria. Therapy is directed at correcting the underlying abnormality producing hyperventilation.
ACKXOWLEDGEYEXTS
The author wishes to thank :\]jss E. Hilton for typing the manuscript.
H.EFEREXCES
